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Preface 

3- 

This thesis deals with the electron paramagnetic resonance of Gd 
ion in the single crystals of the follovdng hydrated rare-earth salts at 
room temperature: 


(a) 

Pr(NO ) .6H 0 
3 3 Z 

(b) 

M(¥0^)2.6I^0 

(c) 

La(N0 ) .6H 0 
3 3 2 

(d) 

Sm(N0 ) .6H 0 

33 2 

(e) 

PrCl^.THgO 

(f) 

NdCl .6H 0 

0 

(g) 

SmCl .6H 0 

3 2 


The four salts (a), (b), (c) an:^ (g) a^e studied for the first 

time while a preliminary work was carried out earlier on the three remain. 

ing salts (d) , (e) rnd (f) by Upreti of this laboratory. AH the spectra 

corresponding to^ M = + 1 transitions are studied for kZ/Z as well as 

for H//X axes. Apart from the AM =+ 1 transitions a number of low field 

3+ 

transitions ( A are observed in the case of Pr(N02)^.6H20:Gd ^ 

PrCl .7H 0;Gd^'*'. A carefrrl study of ' these transitions is made for H//z 
3 2 ' 

axis in both the cases. All the observed spectra are .nalysed in terms 
of* "blie parometors of* tfio spin Hainil"boniaii* 

Chapter 1 is a general introduction to elecbron paramagentic 

resonaneo and Chapter H deals with the theory of the rare-earth ions in 

34 - 

Giystals with emphesis on Gd 

3+ 

A paramagnetic resonance study of Gd doped SmCl^.^HgO ms 
described in Chapter III and that of Gd^'*' doped Pr(iro2)3"6H20 single 


crystals in Chapter IV. 



3 + 

Chapter V deals with the paramagnetic resonance of Gd doped 

MCI .6H 0, PrCl .71-10, and Sm(N0 ) .OHO and the Chanter VI that with 
3 2 3 2 3 3 2 

3+ 

the paramagnetic resonance of Gd doped La(N0 ) .6H 0 and Nd(N0 ) .6H_0 

3 3 ^ 3 3 

single crystals. A general discussion on the zero field splittings of 

3+ 

the ground state of Cid in the t^arious crystals studied here is included 
in Chapter VI. 

The Chapters III to VI of this thesis are written in a way that 
they are suitable for publication. Therefore repeatition of some 
statements here and there in these four chapters has become unairoidable. 


G.B. Singh 


Department of PhjTSics 

Indian Institute of Technology, Kanpur 

December 17, 1966 
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Chapter I 


hatroduction 

Slectron Paranagnetic Eesonance (EPR) in ciystals is the 

process .of resonant absorption of radiation by parane.gnetic impurities 

doped in- these ciystals. The absorption is due to the electrons with 

impaired spins in the paramagnetic ions as they undergo transitions 

between ..zeeman energy levels. Transitions between the energy levels 

arising from the lowest oi-bital state are only absorved in the phenomenon 

of paramagnetic resonance, the reason being that the splitting between 

3 4—1 

adjacent orbital electronic levels is of the order of 10 to lo"^ cm 
and is much larger than the microwave frequencies used for electron 
paramagnetic resonance. 

For the safes of simplicity let us consider a free ion with a 
resultant angular momentum J = S = l/2. I«Ihen this ion is placed in a 
magnetic field H, the electrons will align themselves either with their 
spins and moments "parallel" to the applied field, or "antiparallel" to 
it. Hie electrons will therefore now fall into two groups, and these 
groups will have different energies, since those with their spins aligned 
parallel to the field will have an energy of l/2 gPE 'loss than the zero- 
field value aJ^d those with their spins aligned antiparallel to the field 
will have an energy of l/2 g^H greater' than the zero- field value, where 
g is called the spectroscopic splitting factor a.nd is a measure of the 
contribution of the spin and the orbital notion of the electron to its 
total angular momentum, find has a value of 2.0023 for a completely free 
spin^ and ^ = eh/4 rr nc is the Bohr magneton. If an alternating field 
of frequenqi^ 2' is now applied at right angles to H, magnetic dipole 
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transitions exe produced according to the selection rule Z!i,M =+ 1, 
where M is the quantuu number of component of the angular momentum J 
along the field acting on the ion. The magnetic field required for a 
given frequency quantum is 

hj^ = g;3H 

From this equation one could infer that paramagnetic resonance is 
observable, even at low frequencies. This, indeed, has been done by a 
number of worters^. Ccnside rat ions such as the transition probabilities 
and the resolving power of spectrometer for observing the finer details 
of the spectrum, hox^ever, show that in general it is preferable to 
operate at the high frequencies -'nd correspondingly high magnetic fields. 

Energy will be absorbed if the spin of the electron is flipped 
from a direction parallel to the magnetic field to that of the anti- 
parallel direction, hhen the converse occurs, one speaks of induced 
emission. According to the theozy of radiation, a priori probabilities 
of induced emission and absorption of radiation by an atonic sjrstera must 
be equal. For any system in thermal equilibrium there T«dll, however, 
be more electrons in the ground state than in the upper state, and hence 
there will be a net absorption of the radiation of frequency . 

In general, the paramagnetic ion is not free but is located on 
some lattice site in a crystal. In that case there are mainly two 
interactions; (a) interactions between the various paramagnetic iens, 
treated as magnetic dipoles and (b) interaction between the paramagnetic 
ion and the diamagnetic neighbors^ 

The inte reaction among the magnetic dipoles con be reduced 
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effectively to a small value by using crystals diluted with a diamagnetic 
isomorphous salt. Dilution of one part in a thousand of parama.gnetic 
substance is usually sufficient to reduce this interaction to a negli- 
gible value. 

Let vs consider the interaction of the paramagnetic ions with the 
diamagnetic ligands. Ihese ligrnds consist of charged ions which set up 
strong internal electric fields. The magnitude of the effect of this 
crystalline electric field will depend in lange measure on the t3rpe of 
paramagnetic ion considered. In the representatives of the iron group, 
for example, the incomplete shell responsible for the paramagnetic 
properties of the ions is the outermost shell in the ion. The electrons 
in this unshielded shell are, therefore, subjected to the full effect of 
the crystal field.. Indeed, in this case, the interaction in some ions 
is so strong that it results in tiro so called quenching of their orbital 
magnetic moments. In the transition group, such as the 4f-group, on the 
other hand, for which the incomplete shell lies more deeply embedded with 
in the ion and is, therefore, shielded from the effects of the crystal 
field by a completed shell further removed from the nucleus, the 
situation may be quite different. The crystal field effect may then be 
so weak thcot the bound ion erdaibits a spectrum very similar to that 
expected for the free ion. 

The effect of the electric fields is to split the ground state 
into a number of components. The number of such components and the 
magnitude of the splitting depend critically on the symmetry of electric 
field and on its strength. The strength of the electric field, when 
compared with other interactions within the free ion, such as the spin- 
orbit or the coulomb interaction between the electrons, characterizes 



or 


.,^4 

the magnetic behavior of the vario-us transition groups. In the 3d, 
iron group, the crystal field is of moderate strength, being larger 
than the spin-orbit coupling but smaller than the coulomb interaction. 

In the 4d and 5d palladium and platinum groups, the crystal field is 
very strong and is of the same order as the coulomb interaction. In the 
4f and 5f rare earth and actinide groups, the effect of the crystal 
field is considerably ■weaker tlian the spin-orbit coupling. 

In many cases, a crystal field of high symmetry may leave the 

ground state degenerate. Some times, ho-wever, a combination of the spin-r < 

1 

orbit interaction and crystal field may remove this additional degeneracy. 
3+ 

For example Cr has a ground state 4p and in a cubic field of octahedral 
symmetry, the sevenfold orbital degeneraqy is removed, into a lower 
singlet and two higher lying triplets. The four fold spin degeneracy is 
not removed even by the combined action of the cubic field and spin-orbit 
coupling. It is completely removed only by the addition of external 
magnetic field. In this case, the resulting four energy levels diverge 
linearly with the magnetic field and one absorption line x-dll be observed 
corresponding to the superposition of the three possible AM = + 1 
transitions among tlie four levels. If a small axial field is also present, 
the four fold spin degeneracy is removed into two doublets. The addition 
of magnetic field will remove the remaining degeneracy and the levels 
diverge linearly with magnetic field and three absorption lines will be 
observed corresponding to/kM = + 1 transitions. 

In microwave spectroscopy generally, resolution of the spectrum is 
limited, not by instrumental effects, but by the widths of the lines 
themselves. There are two major causes of line width; (a) interaction 
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betvjeen the paramagnetic ions and the lattice, and interaction between the 
various ions themselves# These interactions h^ve often been treated as 
giving relaxation effects, characterized by two relaxation times, the 
spin-lattice relaxation time l' and the spin-spin relaxation time. The 
spin-lattice interaction determines essentially the rate at which the spin 
system exchanges energy with the lattice in which it is embedded. The 
theory of spin-lattice interactions is not well established. It has been 
discussed by Yan Vleck , who considered the effect on an ion of the 
oscillating electric field due to the thermal vibrations of its nearest 
neighbors. The development of theory shows that i is strongly temperature 
dependent, becoming longer as the temperature is reduced and hence 
reduction in line width. The theory also shows that : depends markedly 
on the separ'“tion between the ground state find first excited state, if 
this separation is large T is long, and if the separation is small X' 
is short. The broadening due to the interaction between the various 
parama-gnetic ions , called the spin-spin interaction is independent of 
temperature (above the curie point-) and can only be reduced by separating 
tlie magnetic carriers or by diluting the crystals with a diamagnetic 
isomorpho'us salts as mentioned earlier. Two main types of interactions 
between the ions have been recognized, the dipole^dipole and the exchange 
interactions. The dipole-dipole interaction is that due to the magnetic 
moments of the ions, which may be regarded like bar magnets. As with all 
interactions of this sort, it depends upon tho angle between the spins 
and on the angle between tlB spin and the vector to the other ion. 

A picture of broadening process can be obtained as follows. Each bar 
magnet is regarded as precessing about the extomal field, and can be 
resolved into a component which is steady and directed along the field. 
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tog-sther with a rotating component at right angles. The steady component 
sets up a ste.'dy field at any other magnet, which therefore behaves as if 
it is in a field which is slightly different from the external field. 

The rotating component sets up a rotating field, and if this rotating 
field has the same frequency a.s the frequency of precession of some other 
magnet th^^&e vfill be a couple acting on this second magnet tending to 
change its direction. The first process gives a broadening which is 
rather like th; t which arises from using an inhomogeneous magnetic field, 
and the second gives resonance broadening because it tends to reduce the 
life time of an ion in a given state. 

3 

The uheory of the exchange interaction given by Van Vleck assumes 
that the ions behave rs free spins, and the method consists of a rigorous 
calculrtion of the area and the second and fourth moments of the absoipition 
line. These are then used to discuss the lino shapes in a qualitative 
way. One interesting resialt from Van Vleck’ s theoi^'’ is that there is no 
contribution to the second moment from isotropic exchange (depends only 
on the relative orientation of the spins) between similar ions, but there 
is a contribution to the fourth moment ^ To make this point clear let 
us consider that in absence of the exchange the line shape is gaussian. 

¥hen the exchange is introduced the shape will alter so that its area and 
second moment are unchanged while its fourth moment is increased. This 
suggests that the centre part of the line will be narrowed and the 
excess area distributed in the wings. That is, the lines will, be peaked. 
This is the phenomenon known as exchange narrowing.. 

With this much of introduction to the subject of electron para- 
magnetic resonance, one can briefly point out a few of its applications. 
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(i) It provides detailed inf orm, tion about the variation of 
the ground state magnetic energy levels, and gives necessaiy background 
information for de\d.ces that make use of the ground state zeeman levels. 
Several practical examples include the solid-state maser amplifier and 
the teclinique of adiabatic demagnetization of paramagnetic salts at very 
low temperatures. 

(ii) As the spectra are extremely sensitive to the symmetry and 
magnitude of the crystalline electric field that the paramagnetic ions 
experience, this technique is often used to investigate the finer details 
of crystal structure and bonding. Thus, informrtion about the host 
lattice can be gained as a result of such studies. 

(iii) ^/hen the nuclei of the paramagnetic ions themselves or, in 
s ome cases , nuclei of their immediate neighbors , have a large enough 
magnetic moment to cause observable hyperfine splittings, the information 

about the various nuclear properties can be obtained, e.g. the nuclear 

53 4 

spin of Cr was first determined by its hyperfine structure . 

(iv) The electron paramagnetic resonance provides experimental 
values for the parrme.ters appearing in the thooretiaally derived spin 
Hamiltonian and the results can be used to provide a theore’-tical picture 
of the electronic interactions that occur in paramagnetic colids. 

(v) It can be used to investigate lattice defects and phase 
transformations in solids. 

(vi) Interesting data concerning the properties of conduction 
electrons in metals and semiconductors can bo found. 
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The study that is described in the thesis has been taken 
up with the second of the abcro applicrtions in mind. 
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Chapter II 

3 + 

General Iheoiy of Rare Earth ions in Crystrds with Einphesis on Gd 

I 

The Hamiltonian of the paramagnetic ion belonging to 4f cinfigurat- 
ion can bo written in the foim 


= E° + Hyj. + 

where H° is the Hamiltonian of the free ion, = (L + 2S) 
is the energy of electrons in the external magnetic field (zeeman energy), 

and the energy H„._ is of the form 

cx 


H 


cr 


i 




where Y is the potential of crystalline field, and x. , y. , z. are 
c r 3- t 

the co-ordinates of the ith electron of the unfilled shell. By regarding 
the surrounding ions as point charges which do not overlap the paramag- 
netic icai, V is supposed to obey Laplace's equation, one nay therefore 
c 

expand Y^ in the series of spherical harmonics 


7, 


_ ^ 21 n m , , ^ 

XAn r Y 


’tdien the perturbation matrix is calcul ated with the help of 

the wave functions of the d electrons, the spherical harmonics for which 

n )> 4 will give matrix elements equal to zero, due to the orthogonality 

1 

of spherical harmonics . Analogously, in the case of f electrons the 

terms in the series with n>6 con be discarded, ¥e must also omit terms 

of the series with odd n, the matrix elements of odd-order spherical 

harmonics equal zero, since the electron wave functions are invariant 

under an inversion transformntian. The term with n = 0 gives only 

an additional constant, which may be set equal to zero. Finally, since 

m , — m. * , 

Y^ is real, it follows that ) . Further simplifications of 
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can be obtained if one takes into account the syrametrj of the 
crystalline field. If we denote Y° by and 

(o’ )] by , the potential corresponding 

to the rhombic symmetry, say, will have the form 

, , o2 o24o2^6 

V^(rhombic) = 11^ + + ITg + Ug + Ug + Ug 

m m 22. ^ m 

One defines U = B V , where s are related to Y's through 
n n n' n n. 

m 

certain const.-nt coefficients, and s are homogeneous polynomials of 
degree n of coordinates x, y, z. 

An ion with a total angular momentum quantun nurtber J will have 
a (2J + 1) fold degeneracy in free space while this degeneracy gets 
lifted partially or some times coinple''ely by the effect of the crystalline 
field. When the number of electrons is odd the degeneracy can be lifted 
up to the maximuD extent that one gets (J + 1) Kramer’s doublets. 

The matrix elements of necessary for first order perturba-tion 

theory calculations , may bo obtained with the help of equivalent 
operators. The former being connected with the corresponding equivalent 
operators through certain common factors, which are identical for all 
functions with a given n, e.g. 

Vg =o< r^ ^ > 

O r. i t ^4 r V -’2 t>2 

= p r [35 Ja - 30 J(J + 1) + 25 - 6J(I + 1) 

+ 3/ (J + 1)^] , and 

r [231 _ 315 J(J + 1) + 735 + 105 J (J+1) - 

2 3 3 2 2 

525 J(J + 1) + 294 - 5 J (J + 1) + 40J ( J + 1) - 

60 J (J + 1)] 
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The conn on factors oC fi , 'f for all rare earth ions nay be 

determined by means of the V-' functions corresponding to the states with 

• maximum J , 
z 

Calculations of the splitting caused by in the second-order 

approximation requires knowledge of the matrix elements of H connecting 

cx* 

the ground and the first excited states : 

/ . , m n m m 

<J + 1, J + m J, J,> , where U = V 

^ ’ z ' n ' ’ z ' ’ n nn 

After the secular equation has been solved, and the energy 
levels of an ion in a crystalline field and tho corresponding wave 
functions have boon found, one must proceed with a calculation of tho 
splitting of these levels by the external magnetic field and get the 
necessary inform 't ion. With tMs brief introduction to the crystal 
field theoiy as applied to rare earth ions , let us come to the case 
of specific interest in the present studyi 

- 3+ ,78 

The ground state of Gd is (4f ) When this ion is put 

in a crystal field, the ground state xd.ll remain an S state. Crystal 
fields can not, however, split the S state nor can the spin-orbit 
coupling by itself remove the eight fold degeneracy. Group theoretically 
considerations indicate that this degeneracy is removed even in a cubic 

3 

field. Van Vleck and Penney suggested that higher order perturbations 

involving sim-ultaneously the crj^stal field and spin-orbit coupling are 

necessary to split the S state. The groxmd-state splitting is ejipected 

to be small because of the high order of perturbation. Resonance has 

4 

shoxjn that small splittings do exist, but Abragam and Pryce came to the 
conclusion that these splittings are in fact too big to be explained by 
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In a cfystalUne field the eight-fold degeneracy is partially 

removed owing to the admixture with higher states, into four two-fold 
3,5 , 

levels (Kramer's doublets). The EPR spectrum of such ion can be 

observed even at room temperature because of its fairly large spin- 

6 

lattice relaxation time . 


The complexity of the processes leading to a splitting of the 

energy levels of ion found in S state makes it difficult to undertake 

direct calculations. The spin-Hamiltonian method is therefore ordinarily 

used. When no external magnetic field exists, the spin Hamiltonian 

will be an even polynomial of the sixth degree in S^, S and S^, the 

components of spin operator along the symmetry'' axes x, y, and z of the 

local crystalline field. The number of the terms in this Hamiltonian 

is considerably reduced if the symmetry of the crystalline field is 

taken into consideration. The symmetiy of the observed spectra suggests 

that the results con be interpretted in terms of tl:ie following spin 
^ - 

Hamiltonian . 


jz( = gSH.S + 


0 . 


2 2 0 0 
>2 + % Og + O4 


with S = 7/S. 


2 2 


4 4 

®4 °4 + 


o 0 
% Oe 


22 44 6 6 

+ Bg Og + Bs Oe + Bg Og 


( 1 ) 


The first term gives the interaction with the applied external 

magnetic field and the remaining terms relate to the splittings of the 

m 

electronic levels in zero magnetic field. The operators 0^^ are 

homogeneous functions of degree n of the angular momentum operators 

8 

S^, and S_, called the operator equiivalents . They transform like 
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the syimietiy operritions of the point symcietry of the site of the rare 
earth ion and are coefficients dependent upon the crystal field and 
are to be determined by the experiment. The explicit form of the 
operators 0® is as follows: 


0 ° = [3 sf - S(S + 1)1 , 

2 2 2 

02 = i ( s/ + s_), 

0 ° = [35 - {30 S(S+ 1) - 25f - 6 S(s + 1) + 3S^(S + ifj, 

0^ = i [{7 - S(S + 1 ) - . 5 ] (S_^ + s^) + (s^ + S^){7S2 - 

S(S + 1) - 5fl , 

^ 44 

*^4 “ 2 + s_) 

Og = [231 si - 315 s(s + 1) + 735 + 105 (S + if 

2 z 

- 525 ,S(S + 1) sf + 294 - 5 S^(S + 1)^ + 40 

2 

(S + 1) ^60 S(S + 1)1 ^ 

Oq = ill 33 - 18 S(S + 1) - 123 • . 

2 2 2 o 

+ S (s + 1) + lOS (S + 1) + 102| (s_^ + s_) + 

2 2 4 

(s+ + s_) {33S^ - 18S(S + 1) _ 123 + S^(S + if 

+ 10'-'S(S + 1) + 102j) , 

O 5 = i [111 - S(S + 1) - 38j ($1 + Sj + (sj + SJ 

2 

[11 - S(S + 1) - 38j] , 


(2) 
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whe rc S , = S + S 

+ X *- y 

9 

It is convenient to mate the following substitutions : 

0 o 0 0 0 0 

bg = 3 b^ = 60 bg = 1260 Bg ^ 

2^2 24 : 4 : 

bg = 3^, b^ = 60 B^, b,^ = 60 , 

2 2 4 4 6 6 

bg = 1260 bg, bg = 1260 bg, bg = 1260 Bg . (3) 

The present calcula.tion takes into account the second order 
2 

perturbation by b^ and neglects the corrections due to other off-diagonal 
terms. For H// Z the spin Hamiltonian (l) takes the following form 

i-i = /I g ,, + i bg Og + 1/60 b° 0° + 1/1260 bg Og + i b^ Og 

(4) 

The expressions for the energy levels for H//Z upto second 

2 7 o 2 0 

order in bg by making use of the matrix elements of 0^, Og, 0^, and 

o 

0. between the various states characterized by J ’s xjithin J, are 
6 z ’ 

given as follows 

^4 7/2 " - ^ ^2 \ ^6 (^2^Vi8 [21/+ gpH+5^^] , 

2^. 5/2 = + 5/2 g|3H + bg - 13b° - 5bg /iB [45/+ gpH+3b^ ] , 

3/2 = + 3/2 gpH - 3b° - 3b° + 9bg + Cb^f / IQ [(6o/+g fS H+b° h 

+(21/ . gp H - dbg)] , 

1/2 = + 4 gp H - 5b° + 9b° - 5b° + (b2)^/l8 [(60/+ g/3 H - b^) 

+ (45/^ g/lH - 3b°)] . (5) 
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The rosonartcc field equations for^H//Z corresponding to 
‘-i M = + 1 tr.ansitions , using (5) will be given by 

+ 7/2 * “ + 5/2 : g /2' H = hv q| (6 b^ + 20 b, + 6 bg) + E|i'45/3t+ 3Fj 

-(21/1 + 5F)] , 

+ 5/2 ■— + 3/2 : g/i H = h>- - (41:^ - l0b° - 14bg) + E ; iSo/I+f)- 

(21/1 + 5F,'-t45/l + 3 f/! , 

+ 3/2^ + 1/2 : H = hr ~ (2 h° - 12b° + 1 4bg ) + e[ Ul/l + 5F; 

2 

-(45/1 + 3F)-(120F/1 - F)1 , 


1/2 — -1/2 : g/iH = hv + e[( 90/1 - 9F) - (120/l - f')]^ 


( 6 ) 


whoro F = b/gf H ; E = (bp"/ „ 

of the irdcrowavG radiation, cond h is Plf'jick’s ennstrnt. 


is the froqdonqy 


The resonojice field equations for H//x corresponding to 

.dM— + 1 transitions can be obtained from Cej by applying the 
7 n 

tr<ans:°’ornations of b^, given in table ll 

Table 1 

Transformations of T:^ 
z-axis x-.ixic 

_ ^ . 

1/2 (-t^ + bg) 

, , o p 4^ 

1/8 (3b., - b" + bp 

I/I6 (_5bg + bg - bg + bg) 

1/2 (- 3b° - bg) 


"4 

, o 
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Tho nagnitudes as -well as the rclativo signs of the dicogonal 

0 o o 

terms end bg^, x^hich a.rG dominant when E//Z, are found to a 

first approximation by neglecting the off-diagonal terns proportional 

2 

to E. The parrxiotor bg can bo detomined by me.asuring the spectrum 

2 

in H//z direction. The value of is then inserted in equ. (6) and 
the values of tho diagonal terms are ro-evaluatod and the process is 
repeated to got consistent vfiLucs of b’^;. 

By maJeing use of (5) it can bo shewn thcot the resonance field 
equations for H//Z corresponding to the loir field transitions 2) 

are ns follows : 

+ 7/2 w + 3/2 : g/.'H = l/2[ hv-(10b° - lObJ + 8bg)+ e[<60/1+ F) 

-(42/1 + 5F)] i 

+ 5/2 ^ + l/2 : gjSH = l/2[ hu-(6b| + 22b°)+ e[(60/1 F) 

-(90/1 + 3F)] , 

+ 3/2 — 1/2 ; g p H = 1/2 hiJ — ^,21:^ + 12b^ — 14bg)+ e{_ (45/^"— F) 

+ (21/1 + 5F; - (120/1 + F)j , 

+ 7/2 ^+1/2 : g/3H = l/3[h 3^ - (I2b° + 2b° - 6bg )+ e[ ( 60/I - F) 

- (45/1 + 3F} - (.21/1. + 5F)] , 

+ 5/2 _ 1/2 : g/3Fx = l/3 LhV-( 6b2 + 22b|)+ E [ (45/l - 3F) 

- (6O/I + F) - (45/1 •+ 3F.)] ■ , 

\, 

3/2 - 3/2 : g/iH = 1/3 [li^+ eL (42/1-2 5f 2) - (l20/l-/)j 
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+ 7/2 ^ - 1/2 ; g/3H = l/4[ hV -(121a^ + 2b2 - 6^)+ e({4S/1-3F> 

-(60/1 + F) - (21/1 + 5F)J] , 

+ 5/2 <-* _ 3/2 : g|S H = l/4 [ h -(4b° + lOb^ + 14bg)+ e[(21/1-5F) 

- (60/l- F) - (45/1 + 3F)}] , 

+ 7/2 - 3/2 : gpH = l/5 [ bV - (lOb^ - lOb^ + 8bg)+ e[ 

(+ 21 of/1-2 5F^;- (60/1 - F)}] , 

5/2 - 5/2 : gjiE = l/sfhy-E (90/l-9E^)] , 

+ 7/2 ^ - 5/2 : g,f2H = l/6[ hv -(6b° - 20b° - 6bg>- e[(21/1„+ 5?) 

+ (45/1 - 3F>| , 

O 

1/2— * -1/2 : gjSH = l/7[ hi> - E (42/1 - 25F )J . (7) 

The zero-field energy levels can be found by diagonalizing the 
8x8 matrix given on page 20 with H = 0 and substituting the values 
of b parameters obtained from the spin Hamiltonian analyse*. 

Signs of the constants 

o 

The absolute sign of is usually found by obsearving the 

relative intensities^*^ of the lines at (9=0° at low temperatures 

(4.2 K), According to equation (6), will be positive if the intensity 

of the high field lines at low temperatures is greater than that of the 

low field lines, and will be negative if the intensity of the low 

field lines is greater than tha.t of the high field lines. The absolute 
o 

sign of 1::^ could not be determined in the present experiments as the 



* il9 


me^suronents mrdo here arc rt room tompera-ture rnd as the work at 

liquid helium toniperaturo is not yet started, in this laboratory* 

0 

Therefore bp is assumed to be positive and the rola.tive signs of the 
differeht -h parameters arc found* 
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Chapter III 


3-f 

Paramagnetic Resonance of Gd in StnCl2.6H20 Single Crystals 


Abstract 

3+ 

The paramagnetic resonance of Gd in SrnClj.SH^O single crystals, 

is studied at room temperature. A six line spectruin for H//Z and a seven 

line spectrum for H//X corresponding to AM = + 1 transitions are 

0 0 

observed. Their angular variation in Z1 plane from (9=0 to ^ = 90 , is 
studied rrd the spin Hamiltonian analysis is presented. The probable 
amount of admixture of the next higher electronic state P^^ yg wi'th the 


ground state also estimated. 


To be published in the Proc. Ind. Acad. Sc. 
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Introduction 

It was felt that it would be interesting to study the EPR of Gd^'*' 
in salts like SmCl^.SHgO as such salts, though paramagnetic in nature, 
can serve as good diamagnetic hosts, because of the short spin-lattice 

relaxation tine of the paramagnetic ion of the salts. Earlier Bogle, and 

1 2 
Heine have reported the results on Gd2(S0^)2.8H 0, Garif’yanov on 

3 3+ ^ 

^^^^^3^3 ^’'ieger and Low on Gd doped Lad^.THgO, and Johnston, 

4 3+ 

Wong, and Stafsudd on Gd doped La^{S0^) .GH^O single crystals. The 

3*f 

present chapter deals with the paramagnetic resonance of Gd doped 

SmCl *6H 0 single crystals. 

3 2 

Experimental Details and Sample Preparation 

A Varian Vir4502 y-band EPR spectrometer mth lOCkc field 
modula.tion is used along with a rotable 9-inch magnet. The sample is 
placed in cylindrical cavity along with a minute sample of Diphenyl 
picryal hydrazil which is used as a standard for calibration, its g 
value being 2.0036. The magnetic field is measured with the help of a 
Varian F-8 Fluxmetcr and the frequency is counted with a Hewlett packrnd 
counter 524-C. All the calcul'tions are done using an IBM 1620 computer, 

5 o / o 

SmClj.GHgO is a monoclinic crystal with /S = 93 40 , a = 9. 6 A, 

0 0 

b = 6.611, and c = 8.0A* The crystallographic structure is not available. 

Single ciystals are grovjn by slow evaporation of the solution of SmGl . 

3 

bH^O having a small amount of gadolinium as impurity to which about 0.05 
mole percent of the latter has been further added. 
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Experimental EesTxLts 

The resonance field equations for H//Z corresponding to = + 1 

transitions are given in chapter II along with the transformations of 
m 

needed to get the resonance field equations for H//x. The observed 
spectra for H//Z and H//x are shown in figs. 1, and 2, respectively. 

The peak to peak derivative width of the absorption lines is about 

60-150 gauss. The angulaJ variation of the observed spectrum in ZX plane 

o o .0 

from S - 0 to (9 = 90 , is shown in fig. 3, that in the range 6 = 90 - 

0 

180 being a mirror image of this. The zero-field splittings of the 

levels is such that while one obsorves seven lines for H//X, only six 

lines are observed for H//Z. In fact all the seven lines can. be followed 
o o 

from © = 90 to ;9= 48 , the seventh line being unobservable for 
o 

©<,48 where g is the angle between H and Z^axis . The absorpition 
linos other than AM = + 1 transitions for H//z and H//X might be 
corresponding to the low field transitions ( 

The parameters of the spin Hamiltonian have been obtained in the 
manner described in the chapter II rnd are as given below; 

gji = 1.990 + .002^ gj_ = 1.990 + .002, bg = 667.7 gauss, 

o 0 2 

b^ = -12.0 gauss, bg = -0.87 gauss, bg = -426.3 gauss, 

4 2 6 4 2 

b^ - b^ = 48.64 gauss, and + bg = -11,39 gauss. 

The calculated resonance fields for h//Z corresponding to 
AM = +1 transitions using the above parameters are given in table 2 

along with the observed resonance fields for H//Z as well as for H//X. 



Fig. 1. EP.. speotnn of M + to single Mystels of SnCl , 6H n at h//z direction 
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Observed and 

Table 2 

Calculated M = + 1 transitions 

single ciystals 

3+ 

of Gd 

doped SmCl 2 . 6 H 20 

Transition 

H paralle to the Z-axis 

H paralle to the X-axis 


observed**" 

Calculated 


observed"*" 

5/2 7/2 

not observable 


6769.4 (G) 

3 / 2 -^ 5/2 

804.5 (G) 

794.0 (G) 


5094.8 

1 / 2 — 3/2 

2072.1 

2072.7 


4217.2 

- 1/2 1/2 

3412.0 

3417.1 


3293.0 

-3/2 — »■ -1/2 

4815.0 

4815.7 


2434.6 

- 5/2 - 3/2 

6129.2 

6129.8 


1550.7 

-7/2 -* - 5/2 

7195.4 

7195.5 


647.7 

DPPH marker 


3352 

4 (G) 



»• tn,thei obsAY-ved Held ynfues is ^Yoxe-nii ±5 ^ . 

The relative separations between the four doublets corresponding 


to zero-field energy levels, are found to be approximately 10 kmc 

( + 7/2 ^ + 5/2), 7.1 kmc ( + 5/2 + 3/2), and 7,4 knc (+ 3/2 + 1/2), 

respectively. 


Discussions 

The + 7 / 2 -^ + 5/2 transition could not be observed for H//Z as 

the zero-field splittings of (+ 7/2 ^ + 5/2) is about 10 kmc which is 

larger than the maxinm fiequency of the spectrometer losed. One may 

expect to observe this transition and therefore all the seven transitions 
3+ 

of the Gd ion by doing the EPR work in the K-bend region or other high«V' 
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frequenqjr regions. 


The g-value obseiTred in the present work is 1.990 ± .002 

which is less than that of the free electron value. Such devlrtion in 

3+ 

g-value in the case of Gd hc?.s been observed by ear^j^r workers and 

was explained probably due to an admixture of the next higher electronic 
6 _ 8 

state P with the grotmd state Ass'oning tl'ls to be the reason, 

7/2 ^ 7/2 ^ ’ 

the ciniixture parameter c< is estimeatod to be about 0.20 using the 

6 

following formula indicated by earlier workers ^ 


2 2 
( 1 -^ ) gp +0<: gr 


where g = 2.0023, and = 1.716, are the g- values for 

6 ^ 


S^y '2 and respectively. 
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Chapte r I? 

3 + , 

Parair.agnetic Resonance of Gd doped Pr(N0^)2.oH20 

single ciystals 

Abstract 

' 3+ 

The parajnrgnetic resonace spectrum of Gd doped Pr(NC_)_ ,6H„0 

3 5 

single crystals, is studied at room temperrturo. A seven line spectrum 
for H//Z as well as for H//x corresponding to M = + 1 transitions 
is observed along with a number of low field transitions ( AM ;^2). 

The spin Hamiltonian analysis is presented. 


communicated to the Proc. Ind. Acad. Sc. 
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Introduction 

. 3 + 

A parnnagnetic resonance study of Gd doped SmCl,.6ff 0 single 

O (i 

crystals is described by the author in Chapter III. The present 

3+ 

Chapter deals with the paramagnetic resonance of Gd doped Pr(N02)2.6H20 
single crystals. 


Experimental Results 

The resranance field equations used here are the same as given in 

3+ 

Ch. II .The experimental procedure and the method of growing Gd doped 

Pr(NO ) .6H 0 single crystals are the same as given in Chapter m. 

3 3 2 

Pr(N 02 ) .SHgO is a trlclinic crystal for which no cryst al lographic 
structure seems to be available. The EPR of Gd doped in tliis crystal 
shows a seven line spectrum for H//Z as well as for H//y corresponding 
to Am = + 1 transitions. The spectra obtain'd are given in figs. 4, 
and 5 , respectively. The peak to peak derivative width of A M = + 1 
trans< tions is about 14 - 17 gauss . Apart from the A M = + 1 transitions 
a number of low field transitions are observed. These varied in 
position and intensity as the magnetic field is rotated with respect 
to the Z-axis, A careful study of these lines is m.ode for H//Z 
direction and the observed transitions are shown in fig. 6 , along with 
AM = + 1 transitions. The parameters of the spin Hamiltonian have 
been obtained in the manner described in Chapter II and are as given 
below; 

g„ = 1.993 + .002 , gi = 1.987 + ,002, b^ = 


488 . 5 gauss , 
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0 o 2 

=1.6 gaijss , bg .= 0.11 gauss, bg = -377.5 gauss, 

i_^ 2 642 

4 ~ '^4 ~ 11.2 gauss, and bg - bg + bg = 5.83 gauss. 

The resonance fields corresponding to -AM = + 1 transitions 
for H//Z, calculated using the parameters given above, are given in 
table 3 along with the observed resonance fields for H//Z. The 
corresponding observed values for H//X are also included in table 3, 

The relative separations between the four doublets corresponding to 
zero- field energy levels, are found to be approximately 7.74 kmc 
( + 7/2 ^ + 5/2), 4.93 kmc ( + 5/2 ^ + 3/2), and 6.01 kjnc (+ 3/2 *-- + l/2), 
respectively. 

1 

It may be noted here that Drumheller has reported oarlier low 

3*1“ 

field transitions upto = + 4 in the case of BaF^ : Gd and Low 
2 

and Shaltiel reported transitions upto A M = + 5 in the case of 
3+ 

ThOg : Gd . In attempt is made to identify the low field transitions 
in the present experiments by comparing the observed transitions with 
the theoretically expected positions. The resonance fields corresponding 
to these lines are listed in table 4 along with the assigned transitions 
and theoretically expected resonance fields. The assignments are to be 
taken as tentative as these are involving veiy large values of AM. 

These assignments, if correct, indicate the presence of a large amount 
of mixing of the different states at low field values. 
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Table 3 


Observed and 

Calcul-fttod Am = + 1 

single 

transitions 

crystals 

3+ 

Of Gd 

doped Pr(N 02 ) 2 . 6 H 20 

Transition 

tl parallel tc 

Observed 

) the Z-axis 

Calculated 

H parallel to the X-aads 

Observed^ 

5/2 7/2 

570.0(G) 

563.8(G) 


6023.9(G) 

3/2 5/2 

1560.6 

1544.3 


5059.9 

1/2 -» 3/2 

2468.1 

2470.3 


4165.9 

-l /2 — > 1/2 

3375.7 

3379.8 


3334.8 

t — I 

1 

f 

1 

4304 .2 

4305.0 


2546 .9 

—5/2 — > -3/2 

5289.8 

5291 .1 


1776.9 

-7/2 ->» -5/2 

6400.8 

6401.0 


1065.4 

DPPH marker 


3385.8(G) 



vnvolv&d vn -the obsery&d fie.Ld V9.lutS is ^foltncL tQ- (k . 



Low field transitions of Gd doped Pr(NO ) . 6H 0 

3 3, 2 


Transition 

Rela.tive intensity 
(measured to v;ith in 20^) 

ObserTOd*^^ 

Expected 

-1/2-^ -5/2 

5 

3026(G) 

3036(G) 

3/2— -3/2 

16 

728 

719+ 7 

1/2-" -5/2 

5 

1777 

17 53 

(-1/2- -7/2)’^ 

5 

2937 

2935 

( 5/2 - -3/2) + 

16 

350 

416+3 

5/2 -* -5/2 

10 

753 

748 

(Ji 

i 

1 

9 

1669 

1668 

(7/2 — -7/2)^ 

24 

530 

491 





Unas signed 

15 

1861 



+ The transitions indicated in parentheses show larger de-viations 
between observed and calculated values than other transitions. They 
are therefore to be trJken as doubtful assignments. 

The origin of this line is not well understo :id. It might be due to 
some impurity. 

^nvolv&d ike obser've.d U^Ld values 'is 'XYound ■ 
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Chapter V 

Parajnagnetic Resonance’'" of doped MCl^.SH^O, PrCl 3 . 7 H 20 

and Sni(N 02 ) 3 . 6 H 2 O single crystals 


Abstract 

The paramagnetic resonance spectra of Gd^'*' doped MClg.eHgO, 

PrCl .VHpO, and ,Sm(NO^) . 6 Hr ,0 single crystals have been reinvestigated 

at room temperature j and the results obtained are discussed in detail, 

A six line spectrum for H//Z and a seven line spectrum for H//x 

corresponding to = +1 transitions, are observ'-ed in the case of 

Gd^"^ doped NdCl^.SHgO, where as Gd doped PrCl^.TH^O and Sm(N 03 ) 2 .SH^O 

show a seven line spectrum for H//Z as well as for H//X. The absence 

3 + 

of seventh line in the case of Gd doped MCI . 6 H 0 for H//Z spectrum, 

3 2 

is explained as in SmCl . 6 H 0 due to the large Zero- fie Id splitting 

3 2 

between + 7/2 and + 5/2 levels. The angular variation of the observed. 

0 .. o 

spectra in ZX plroie from (9=0 to 6 '= 90 , is studied in the case of 
3+ 

Gd doped MCl 2 . 7 H ^0 and PrCl^.TH^O single crystals. The spin 

Hamiltonian analyses are presented. A number of lines ha.ve been 

3+ 

obsorved in the low field region in "the case of Gd doped PrCl^.THgO 
and they have been analysed as due to transitions with 


* A part of this is to be published in the J.Chem. Phys,. 
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Introducti on 

rx ^.1 

dpreti of this laboratory carried out a study of the electron 

3+ 

parainagnetic resonance of Gd in single crystals of MdCl-.bH 0, PrCl,. 
7H^0, and Sm(N0^)^.6H20. He took the natural samples in which 
gadolinium was present as impurity, and grew small single crystals. 

Ihe planes were not well developed in these crystals and hence the 
determination of axes was difficult. He did not use the sixth order 
terms in the spin Hamiltonian and studied only H//Z spectra, due to 

which it was not possible for him to determine the relative sign of 

2 ^ . 
bg parameter. T have taken up this study in order to improve upon 

his results. The single crystals with well developed planes are 

grown in the present experiments by the slow evaporation of the 

solutions of MCI .6H 0, PrCl .7H 0, and Sm(N0 ) .6H 0 having a small 
3 2 3 2 3 3 2 

amount of gadolinium as impririty to lAhich about 0.05 mole percent of 

the latter has been further added. This resulted in the enhancement of 

the intensity of the speetba. Apart from the AM = + 1 transitions 

observed by Uproti^ a number of low field transitions ( A M^2) have 

3+ 

been observed here in tho csise of Gd doped PrCl2*7H^0 single 
cryst.ols. The present study revealed that the determination of the 
Z-axes in the earlier work was in error, particularly in the case 
of Gd^^ doped NdCl .6H 0 single ciystals, the reason being probably 
‘thip’b tho suitxll cirystals ussd did noi show well developed planes • 

Further in the present work I have taken into account the sixth order 

\ 

terms in the spin Hamiltonian and analysed H//Z as well as H//x spectra 
and found the relative sign of b^ parameter in all the three ciystals 
studied. The use of the sixth order terms has increased considerably 
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the agreement betweai the observed and calc\iLated line positions. 

Experimental Ee suits and Discussions 

The resonance field equations for = + 1 snd AMJ^2 
t runs Lti ins are the same .as given in Chapter II, The experimental 

procedure is the same as described in Chapter III. MCI .6H 0 is a 

2 0^0 ^ 
monoclinic crystal with /3 = 93 , a = 9.72 a , b = 6.6A , and c = 7 .9 A 

2 0 o 

whore as PrCl .VH 0 is a triclinic crystal with cx. = 107 ,/o= 98 40, 

o 2 I 

f = 72 , a = R.2A , b = 9.0A , and c = 8.0A . Sm(N0^)^.6H20 is a 
triclinic crystal for which no crystallographic data seem to be available 

The Gd doped in NdCl *611 0 like that in SmCl2*6H20 shows a 
six line spectrum for H//Z .and a seven line spectrum for H//X corres- 
ponding to A M = 4^ 1 transitions, shox()n in figs. 7, and 8, respectively. 
The peak to peak deriv.ative width of lines is about 20-25 gauss. The 
angular vari/ tion in the ZX plme from (9 = 0° toc9= 90 is shown in 
fig. 9. The Zero-field splittings are such that while one observes 
seven lines for H//X, only six lines are observed for h//Z. -AH the 
seven lines c.an be followed from = 90 to 47 , the seventh line 
being unobservable for 0 <^7° where & is the angle between H and 
Z-axis. The absorption lines other than AM = + 1 transitions . for 
H//Z and H//X probably correspond to the low field transitions 

( AM >/2). 

The Gd^"*" doped PnCl^ .THgO shows a seven line spectrum for H//Z 
as well as for H//X corresponding toAM = + 1 transitions, shown in 
figs. 10, and 11, respectively. The peak to peak derivative width of 
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the observed absorption lines is about 15-19 gauss. Their angular 

.... o o 

varo-ation in ZX plane from ^=0 to 6/ = 90 is shown in fig. 12. 

Apart from the A M = + 1 transitions a number of low field transitions 

have also been observed. These varied in position and intensity as 

the magnetic field is rotated with respect to the z-axis. A careful 

study of these lines is made for H//Z direction and the observed 

transitions are shown in Eig. 13, along with AM = ±1 transitions. 

3+ 

The Gd doped Sm(N0.,)_.6H 0 also shows a seven line spectrum 

o 6 2 

for H//Z as well as for H//X corresponding to AM = 1, shown in 

figs. 14 and 15, respectively. The peak to peak derivative width of 
the absorption lines is about 11-14 gauss. 

The parameters of the spin Hamiltonian are obtained in the 

manner described in Chapter II and are listed in table 5 in the ease 

of Gd^"^ doped MCI .6H 0, PrCl 7H 0, and Sm(H0 ) .6H 0 single crystals. 
3 2 3 ^ ^ ^ 2 

The resonance fields corresponding to AM = + 1 transitions for H//Z s 
are calculated using the parameters listed in table 5 and are given 
in table 6. along with the observed resonance fields. ■ 

The relative separations between the four ddublets corresponding i 

3+ ' 

to the Zero-field energy levels have been calculated for Gd ion in 
the three crystals studied and are given in table 7. 

I 

An attempt is made to identify the low field transitions in the 
3-f 

case of Gd PrCl_ .7H„0 by comparing the observed transitions with 
o 2 

the theoretically expected positions. Bie resonance fields correspcndii 
to these lines are listed in table 8 along with the assigned 
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15, EPE spectrum of Gd in single crystals of 3fl(No_)2. 6HpO at H//X directicai 
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Table 5 

The spin Hamiltonian parameters of Gd doped Ndd^.oHgO, PrCl^.THgO, 

and Sm(N0_), .6H„0 single crystals 
3 3 


t"g— 

Gd 

doped NdCl 3 . 6 H 20 

Gd^"^ doped PrCls.THgO 

Gd^+ doped Sm(N 03 ) 3 . 
GHgO 

gfl 

1.987 + .002 

1.976 + .002 

1.996 + .OGZ 


1.986 + .002 

1.960 + .002 

1.987 + .002 

^2 

659.77 (G) 

419.60 (G) 

494.60 (G) 

>=4 

- 11.86 

2.33 

1.40 


-0.45 

.74 

0.14 

■u 2 

°2 

-414.23 

-263.40 

-388.0 


48.86 

7.73 

10.2 

.6 vi iP 
bg-bg+bg 

-8.65 

-15.0 

8.7 


transitions and theoretically expected resonance fields. 

The assigraiients for low field transitions in the case of Gd^"^ 

doped PrClj.Vf^O single crystals are to be taken as tentative for the 

3+ 

sfjne reason mentioned in the case of Gd Pr(N 02 ) 2 . 6 H 20 single crystals 
in Chapter IV. 



Error lye d 'On. ike obs&yyed field i^9,lices Cs around tZ^. 
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Table 7 


Relative soparaticns between the Zero-field energj’" levels of Gd^"^ in 
NdClj.bHgO, PrCl2.7HgO, and Sin(N 02 ) 2 »SH 20 single crystals 



Gd^"^ doped NdCl^.bHgO 

Gd^"^ doped PrClg.THgO 

Gd^'^doped Sm(N02)2 

+7/2- +5/2 

9.94 kmc 

6*8? kmc 

7.82 kmc 

+5/2- '■ +3/2 

7,06 

4.15 

5.0 

+3/2.- +1/2 

7.26 

4.43 

6.18 


For H//Z, the relative separation between + 7/2 and + 5/2 levels in 
3+ 

the case of Gd doped NdClj.SH^O is found to be larger than the maximuiii 

frequency of the spectrometer ■used and this observation explains clearly 

the absence of the + 7/2- + 5/2 transition in the present experiments, > 

3+ 

As pointed out in (3aapter III for Gd doped in SmClj.SHgO jOne may expect 

3+ . . i 

to observe this transition and therefore all the se’ven lines of Gd man by i 
doing the EPR work in the K-band region or other higter frequency regions. 
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Low 

Table 8 

3+ 

field transitions of 'Gd in 

PrCl^ .7H„0 

0 


Transition 

Relative intensity 
(measured to within 20^) 

Observed 

Calculated 

-1/2 — -5/2 

32 

2906 (G) 

2872 (G) 

-3/2 -7/2 

12 

3787 

3789 

Z/2~* -3/2 

28 

971 

901 

1/2 -» -5/2 

5 

1795 

1807 

-1/2 -7/2 

24 

2707 

2768 

1/2 -- -7/2 

28 

2234 

2187+14.5 

5/2 ■■■ -5/2 

23 

758 

721 

3/2 -7/2 

20 

1585 

1527 

'V2 -» -5/2 

19 

171 

157 

5/2— -7/2 

19 

1059 

992 

Unaor-.i ,icr] jd''*’ 

11 

212 


Unasf'i gnod 

10 

1433 


I'nas.oignod 

9 

1944 



Th 3 origin of these lines is not well understood. They might be due 
to some impurities, 

¥r* B'rror -Cri^vofv&oL •Cn.tke. obse.rve.d ficlcL vsducs is ^rounoL i 2 .(t ■ 
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single crystals 


Abstract 

3+ 

The paramagnetic resonance of Gd in single ciystals of 

La(N0 ) .GHoO and 0 are studied. A seven line spectrum for 

3 3 ^2 

H//Z as well as for H//x corresponding to i.\M = + 1 transitions, are 

observed in these crystals. 'Hie spin Hamiltonian analyses are presented, 

3+ 

The estimated Zero-field splittings of Gd in the Tarious single crystals 
studied in the thesis are compared idth one mother and discussed. The 
reasons for the absence of detectable hyperfine structure in the present 
experiments are indicated. 
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Introduction 

A paroaiagnetic resonance study of Gd(N02) 

out by Garif 'yanov^ where he took single crystals of Gd(N02)2.6H20 

diluted with ten parts of La(N0_)^ .6H 0 and reported a spectrum 

d 3 2 

corresponding to cubic crystalline field at gadolinium site with ^ 

.17P cn“^. It was felt that it would bo interesting to study the 

34 - 

paramagnetic resonance of Gd doped La(F02)^,6l^0 single crystals. 
Therefore single crystals are grown from the solution of La(N02)^.6H^0 
having a small amount of gadolinixm as impurity to which about 0.05 
mole percent of the latter has been further added. The spectra 
corresponding to site symmetry much lower than cubic are observed 
and analysed using the spin Hamiltonian given in Chapter IH. 

The present Chapter also deals with the paramagnetic resonance 

of Gd^"^ d'ped Nd(N0 ) 6H 0 single crystals, grown by the same method 

o o ^ 

as used in the case of Gd doped La(N0^)^.6H20 . The observed spectra 
aro analysed by using the s;mie spin Hamiltonian. 

Experimental Results and Discussions 

Hie experimental procedure is the same as given in Chapter III. 

La(!.iO,) .611^0 and M(N0 ) .6H 0 are triclinic crystals for which no 
3 3 2 3 3 2 3^ 

crystallographic structures seem to be available. The EPR of Gd 
doped in those crystals shows a seven line spectrum for H//Z as wU. as 
for II//X corresponding to the AM =+ 1 transitions. The observed 
spo.ctrn aro shown in figs. 16,17,18, and 19, respectively. The peak 
to peak derivative width of the observed absorption lines is about 30-4C 


was carried 
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gauss in ihG case of Gd doped Nd(N0 ) .6H 0 single crj^stal. 'Die 

3 o ic 

angular variaiion of "the observed ZXM = + 1 transitions in the case 
3+ 

of Gd doped La(WO^) .6H 0 single crystals is 'studied in the ZX pi. 

o 3 2 

from 6=0 to t'= 90° as shown in fig. 20. The additional weak 
lines other than A M = + 1 transitions in the case of Gd^"^ doped 
Nd(N0 ) .6H 0 single crystals might be corresponding to the low fiel 

33 2 

transitions ( hiM^2). 

The parameters of the spin Hamiltonian are obtained in the 
manner described in Chapter II and are listed in table 9.. 

Table 9 

3+ 

The spin Hamiltonian parameters of Gd doped La(H0.,) .6H_0 and 

53 2 

Nd(II0 )2 . 6H 0 single crystals 
3 2> 


Gd 

doped La(N0^)^.6H20 

Gd^'*’ doped Nd(N0^)^.6Hg0 

gl( 

1.995 + .002 

1.984 + .002 

gi 

1.986 + .002 

1.992 + .002 

^2 

246.6 (G) 

480.0 (G) : 

^4 

0.93 

0.73 

1 0 

0.1 

0.54 


-222 .4 

-392,0 


6.49 

18.93 

b^-bg+bg 

-3.34 

3.98 1 
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TIU; rtison.-'jico fields correspond:! to Zj,M ^ + 1 trnnaitions 
for H//Z are cojoulo, ted using tlie p-iramc'ttirr. listed -in ta.blc 9, and 
are given in table 10, idong with the observed resonanc’.o fields 
for h//Z in both the crystals. 

The calculated relative separations between the four doublets 

corresponding to zero-field energy levels are given in tniile 11 in 
*2 , 

the case of Gd doped La(N0 )-..6H 0 /ind Nd(N0 ) .6IL0 single 
crystals. Whore in the corrosp 'nding valxios obtiilned in the other 
crystals stxidiod in the thosio a.ix; nlsf) includnd for comparison. 

The v.-duoa of' b^’ obhrrjnod f-'r th>; vard-ouo crystals are listed in 

d> 

the table LP. for convenient nd’eninco. 

Tt is inb';restiri/f to ooe that the values 'nd zero-field 
fipli l.idngfs i' Gd ' in the chlorides of Nd and Sm (jx> greater than 
l.h >}!c in the corresponding nitrates. This type of comparison may 
not have much meaning in the case of the prnsoodymium salts studi^ 
hero ns the water of crystallization is not the same in both. The 

n 3+ 

bo values .nd the total spreads of zero-field splittings of Gd icn 
:in the nitrates of Pr, Nd, and are practically same, the average 
totoj splitting spread being 18.7 kmc. The splitting in these salts 
is much larger (practically twice) than that in lan1h.anum nitrate, 
wliich indicates that the unfilled electrons of the f shells of the 
host lattice play Jin important role in the zero-field splittings of 
the oncTgy levels of impurity ion. The fact that zero-fiel^d splittings 
of Gd^^ ion in the nitrates of Pr, Nd, and Sm are approximately same 
implies that the zero-field splittings in the case of the chlorides 
of Pr, Nd, and Sm might also bo same. This is found to be true for the 
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Tablo 10 

Observed and Calculated A M = + 1 transitions of Gd doped 

La(N0 ) .6H 0 and M(N0_)_.6H 0 single crystals for h//Z 
3 3 2 0 0 ^ 


- I I - I I ' 3^ ' ' I . - ----- 

Transition Gd^"^ doped La(N02)^.6!^0 Gd doped Wd(N02)^,6HgO 




Observed 

Calculated 

Observed^ 

Calculated 

5/2 

7/2 

1926.3 (G) 

1926.7 (G) 

633.5 (G) 

644.6 (G) 

Z/2-* 

5/2 

2431.8 

2428.5 

1575,5 

1587.8 

1/2 — 

3/2 

2918.2 

2903.7 

2479.6 

2480.1 

-1/2 -> 

1/2 

3383.5 

3376,2 

3387.2 

3385,4 

-3/2 

-1/2 

3857.3 

3857.7 

4309.2 

4309 .1 

-5/2 

-3/2 

4360.6 

4360.6 

5266.5 

5266 .3 

-7/2 

-5/2 

4910.5 

4910.2 

6348.1 

6347.8 


DPPH marker 3383.5(G) 3383.8(G) 

^ ev^Vi-rbvoive d ohse.yve.d fierd. va.lu.es 3L>^!>tZ^d V 2 <r » 

chlorides of M and Sm studied here but not for the chloride of Pr. 
This devlati'XL in the case of PrCL^^'^g® probably be becanse of its 
water of crystallization being different from that of the other two 
chlorides studied. The water of crystallization apparently plays its 
role in the development of the crystal field strengths and therefore 
also in zero-field splittings. 

The presence of the only one set of spectrum corresponding 
to AM = + 1 transitions in all the crystals studied in the thesis, 
shows that gadolinium ion occupies only one observable type of 
rare earth site in those crystals. 
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3+ 

Biere are two isotopes of Gd (155,157) that ha^ve a nuclear 

spin 3/2 with relative abmdance 14,7 and 15.7^, respectively, Ihe 
156,158,160 

and 'Others which total about 70^ will have no hyperfine 
. 155 157 

interaction while Gd and Gd will have. The absence of the 

hyperfine structure in the present experiments (Chapter III to VI) 

could be explained probably due to the large width of observed 

absorption lines. It may be noted that the hyperfine structure 

3+ 

reported so far for Gd ion is either in .the cases where the 

2 3 

absorption lines are sufficiently narrow ^ for the hyperfine 

4 

structure to be clerrly visible or in the case cf samples enriched 
with 
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